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X-rays striking a crystal will be diffracted in 
a pattern characteristic of the crystal’s atomic 
structure. This highly useful relationship is the 
theme of our cover montage, one element of 
—e is an actual Laue photograph of a ruby 
crystal. 
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Historical Background 


Th nina were discovered in 1895 by the German 
physicist, W. C. Roentgen. Although these new rays 
were of immediate practical interest to physicians and 
engendered extensive speculation and experimentation 
among physicists, their true nature was not fully un- 
derstood for some years. Although it was suspected 
that x-rays were electromagnetic waves of exactly the 
same nature as visible light, attempts to observe dif- 
fraction effects using ruled gratings failed. Shrewd 
analysis of this failure led to the conclusion that the 
wavelength of the x-rays was extremely small, about 
10-® centimeter. In order to demonstrate diffraction 
effects a grating would be needed having intervals be- 
tween the rulings of approximately the wavelength of 
the x-rays. This is technically impossible. 

A way out of this dilemma was suggested in 1912 
by another German physicist, Max von Laue. He 
reasoned that crystals might provide a natural dif- 
fraction grating for x-rays. Here again the true na- 
ture of the internal structure of crystals was not 
completely known but it had been surmised that the 
atoms (or molecules) in a crystal formed a periodic 
three-dimensional array, the units of which were about 
10° em apart. The first experiment to test von 
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Laue’s hypothesis was strikingly successful. A crystal 
of copper sulfate was placed in an x-ray beam, and the 
rays traversing the crystal were recorded on a photo- 
graphic plate. The result was a pattern of spots, ar- 
ranged in a manner corresponding to the symmetry 
of the erystal, and plainly due to diffracted beams. 
Thus in one single experiment was demonstrated both 
the wave nature of x-rays and the principle that erys- 
tals are founded upon a regularly ordered array of 
atomic groups. An example of a ‘‘Laue photograph’’ 
is shown in Figure 1. It clearly reveals the hexagonal 
symmetry of the silicon carbide crystal from which 
it was made. 


Production of X-Rays 


Whenever high speed electrons pass through mat- 
ter, radiation is produced. The latter is called 
bremsstrahlung (German for braking radiation) and 
results from the deceleration of the electrons in the 
Coulomb fields of the atomic nuclei. It is ‘‘continu- 
ous’’ radiation whose wavelength spectrum varies 


from very long wavelengths (essentially zero energy) 


Figure 1 
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to a sharp minimum, or threshold, value correspond- 
ing to the kinetic energy of the incident electrons. 

If the energy of the electrons is high enough, they 
will remove other electrons from the innermost energy 
levels of the atoms through which they pass. For ex- 
ample, K or L shell electrons may be knocked out. 
They will then be replaced by others from shells far- 
ther out. When this happens x-rays of a specific 
energy (or wavelength) are emitted. These x-ray 
quanta of specific wavelength are called characteristic 
lines and they appear as peaks superimposed on the 
continuous spectrum described above. A typical com- 
posite spectrum, that of molybdenum, is shown in 
Figure 2. 

It is apparent from the manner in which x-rays 
arise that tubes for their production must contain (a) 
a source of electrons, (b) a high accelerating voltage, 
and (c) a metal target. The most commonly used 
tubes are the filament tubes invented by Coolidge in 
1913. They consist of an evacuated glass envelope 
which insulates the tungsten filament cathode at one 
end of the tube from the anode at the other. The lat- 
ter is a water-cooled block of copper containing the 
desired target metal as a small insert at one end. 
Figure 3 is a schematic drawing of a tube of this type, 
and Figure 4 shows a picture of a typical filament 
x-ray tube. 


Detection of X-Rays 


Three principal means are used to detect x-rays: 
fluorescent screens, photographie film, and ionization 
devices. The screens consist of a thin layer of zine 
sulfide, containing a trace of nickel, mounted on a 
cardboard backing. X-rays cause the zine sulfide to 
fluoresce, that is, to emit visible light. Screens are 
used primarily to locate the position of x-ray beams 
when aligning and adjusting apparatus. 

Photographie film is affected by x-rays exactly as 
it is by visible light. The film used in x-ray work, 
however, differs from ordinary film in that it has 
rather thick layers of emulsion on both sides. The 
purpose of this is to increase the absorption of the 
incident radiation, since only those x-rays which are 
actually absorbed are effective in causing blackening 







Figure 4 
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of the film. Film is the most widely used means. of 
observing diffraction effects. 

Ionization devices measure the intensity of x-ray 
beams by monitoring the amount of ionization they 
produce in a gas. Two types are now commonly used 
in x-ray work, Geiger counters and proportional 
counters. They both consist of a cylindrical metal 
shell (the cathode) along the axis of which is a fine 
metal wire (the anode). The tube contains a gas, and 
a high potential difference is applied between cathode 
and anode. X-rays entering the annular space be- 
tween the electrodes either pass through undetected or 
become absorbed by the gas. The latter process is ac- 
companied by the ejection of photo-electrons and 
Compton recoil electrons from the atoms of the gas. 
These electrons are drawn to the wire anode, and the 
remaining positive ions are collected by the cathode 
shell. The net result appears in the external circuit as 
a current pulse which can be measured and/or re- 
corded. Geiger counters and proportional counters 
differ in that Geiger counters are operated at a higher 
potential, which changes the nature of the ionization 
pulses, and results in such differences in detecting 
characteristics as amplification factor, response time, 
and discrimination between the energies of the x-ray 
quanta absorbed. 


Diffraction of X-Rays 


As mentioned above, the units of a crystal lattice 
may be thought of as lying in a set of similar, equally 
spaced, parallel planes. Two such planes are illus- 
trated schematically in Figure 5, and the perpendicu- 
lar distance between them is indicated as ‘‘d.”’ 
Imagine a parallel beam of x-rays incident upon these 
planes at an angle §. Although the process of diffrac- 
tion is basically one of scattering by individual atoms, 
for the purpose of a mathematical analysis it is per- 
missible to think of it as a reflection of x-rays by the 
erystal planes, as of light by a mirror. In the diagram 
the angle of reflection is thus shown equal to the 
angle of incidence. The question must now be asked, 
does a reflected beam really occur, and if so, under 
what conditions? It is immediately evident that in 


order for the reflected beam to exist the waves reflected 
from the different planes must be exactly in phase. 
This is equivalent to saying that the difference in the 
length of path of the various rays must be equal to an 
integral number of whole wave-lengths. In the dia- 
gram this difference corresponds to the distance NBM 
which is mathematically equivalent to 2d sin 0. The 
requirement that this quantity must be equal to an 
integral number of wave-lengths leads to the well 
known Bragg law of diffraction : 


nA = 2d sin 0. 
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Figure 5 


The complete answer to our question is now easily 
seen: there will be a diffracted beam of x-rays of 
wavelength A, at an angle 6, whenever the value of d 
is such that the Bragg law is satisfied. Another way of 
stating it is to say that a crystal lattice will diffract 
x-rays from a particular set of planes whenever the 
three variables, 4, d, and 0, simultaneously have values 
which obey Bragg’s law. 

Experimentally, at least one of these quantities 
must be varied continuously during the experiment, 
and the three most common diffraction methods are 
characterized by the manner in which this is accom- 
plished. They may be summarized as follows: 


Xr i) 

Laue method Variable Fixed 
Rotating-crystal method Fixed Variable 
(in part) 
Powder method Fixed Variable 


The Laue method was described briefly above. It is 
probably the simplest method to perform. All the 
components — x-ray beam, sample, photographic film 
— are stationary during the exposure. The wave 
length is variable in the sense that the x-ray beam 
from the tube is unfiltered and, therefore, consists of 
white, or continuous, radiation composed of a broad 
range of wavelengths. 

The rotating-crystal method utilizes filtered radia- 
tion which consists primarily of the characteristic K 
lines for the particular target metal used, and 94 is 
varied by rotating the single crystal specimen about 
one of its axes. Its chief use is in the determination 
of unknown crystal structures and for this purpose 
it is the most powerful tool the x-ray erystallographer 
has at his disposal. 

The powder method also utilizes filtered radiation, 
as well as a sample which has been reduced to a powder 
fine enough to pass through a 325 or 400 mesh screen. 
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Figure 6 


Each particle of the powder is a tiny crystal oriented 
at random with respect to the incident beam. Thus a 
certain number of particles will be oriented with any 
given set of lattice planes making exactly the correct 
angle with the incident beam to satisfy the Bragg 
equation. Powder photographs are most frequently 
obtained with a Debye-Scherrer camera in which a 
strip of film is curved into the form of a cylinder with 
the specimen placed on its axis. The x-ray beam en- 
ters through the side of the camera and strikes the 
specimen at right angles. Cones of diffracted radia- 
tion result which intersect the cylindrical strip of 
film in lines. This arrangement is shown in Figure 6. 
From the positions of these lines on the film may be 
deduced the interplanar spacing, d, for each set of 
reflecting planes. This information will usually pro- 
vide the chemical identification of the sample material 
as well as its crystalline structure. 


Survey of X-Ray Metallurgy 
Now that we have seen briefly what x-rays are, how 
they are produced, and the tools used for their detec- 


tion, we are in a position to consider their application ° 


in the solution of typical metallurgical problems. At 
the outset it must be stated that the new x-ray tech- 
niques have not replaced the older, well-established 
thermal and microscopic methods of metallography. 
They each have their peculiar advantages and draw- 
backs. Rather, x-ray analysis should be considered as 
simply another tool available to the metallurgist. 

The study of preferred orientation in metals is of 
interest to both the theoretician and the practical 
metallurgist. Since all single crystals are anisotropic, 
the way in which they are oriented in a polycrystalline 
aggregate will determine the macroscopic properties 
of the aggregate. If the individual crystals (or 
grains) in a metal tend to align themselves along ‘‘ pre- 
ferred’’ directions, then the metal will exhibit 
directional properties. Usually preferred orientation 
In the deep drawing of sheet, for ex- 


is undesirable. 





ample, if the yield point is not the same in all diree- 
tions the metal will not flow evenly in all directions 
and the resultant cups will have ‘‘ears’’ (high spots 
on the rim). There are applications, however, in which 
directional properties are desirable. An illustration 
of this is in the magnetization of transformer core 
steel, where a high permeability in the direction of the 
applied field is useful. 

The first x-ray investigation of preferred orienta- 
tion, or texture as it is frequently called, was made 
by Ettisch, Polanyi, and Weissenberg in 1921. They 
found that metal wires have a texture similar to that 
of natural fibers in which the grains are oriented so 
that the same crystallographic direction in each is 
parallel to the wire axis. In 1924 Wever introduced 
the use of pole figures to describe textures. These are 
stereographic projections of a set of selected crystal- 
lographie poles made on a plane parallel to the sheet 
surface. They are divided into areas of different pole 
density, and show at a glance the nature and extent of 
the preferred orientation. Modern devices are now 
available for the automatic plotting of pole figures 
using an x-ray diffractometer. 

In the field of ferrous metallurgy the classic prob- 
lem of the determination of retained austenite has 
been attacked by both microscopy and x-ray diffrac- 
tion. The latter is now preferred because of its greater 
accuracy in the low-austenite region. Developed in 
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1948 by Averbach and Cohen, it involves a comparison 
of the integrated intensity of an austenite line with 
that of a martensite line. If crystal-monochromated 
radiation is used, as little as 0.1 volume per cent aus- 
tenite may be detected. 

The general subject of stress and its measurement 
in metals is too complex to explain in a limited space, 
but it should be mentioned because it is an excellent 
example of a measurement which is ideally suited to 
the use of x-rays. Stress is never measured directly ; 
it is always strain which is measured, from which the 
stress is derived indirectly, by calculation or calibra- 
tion. The strain can be measured by means of a 
‘‘strain gauge’’ which typically consists of a short 
length of fine wire cemented to the surface of the 
metal being tested. Extension or contraction of the 
wire changes its electrical resistance, which can be 
measured. The x-ray measurement, on the other hand, 
needs no external strain gauge but ‘‘sees’’ directly 
the change in spacing of the lattice planes. It depends, 
essentially, on the measurement of a very small shift 
in the position of a diffraction line. 

In addition to the above mentioned problems, metal- 
lurgists have turned to x-rays for the orientation of 
single crystals, the measurement of crystal size and 
perfection, the calculation of precise lattice parame- 
ters, and the study of order-disorder transformations. 


Phase Diagram Determination 


A phase diagram, also called an equilibrium diagram 
or constitution diagram, is a plot of temperature ver- 
sus composition, divided into areas wherein a particu- 
lar phase or mixture of phases is stable. The use of 
phase diagrams has permitted the systematization of 
the vast body of information on record concerning the 
phase transformations which metals and alloys -un- 
dergo. They are thus indispensable to metallurgists in 
providing such individual items of data as may be 
needed in the daily handling of metals. Figure 7 
shows a typical binary phase diagram, that for the 
bismuth-tin system. The solid solutions of bismuth in 
tin and tin in bismuth are designated a and @ respec- 
tively. 

There are basically two kinds of information which 
are needed in order to determine a phase diagram. 
First, one needs to identify the phases present within 
each area of the diagram; and second, one needs to 
locate the positions of the boundary lines separating 
these areas. There are a number of useful techniques 
for acquiring this information; the most important 
are thermal analysis, metallographic and x-ray meth- 
ods, and the use of diffusion couples. A thorough in- 
vestigation might make use of all of these methods, but 
most frequently enough information can be obtained 
from the combined use of metallography and x-ray 
diffraction. 
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Figure 8 


The way in which x-rays are used to obtain the two 
kinds of information described above is illustrated in 
Figure 8. At the top is shown the phase diagram of 
a hypothetical single binary system composed of two 
cubic metals, one face-centered and one body-centered, 
which donot form an intermediate phase. At room 
temperature, the bottom line of the diagram, three 
phases are stable. Starting at pure A and moving 
across the composition range, one first encounters the 
a phase, which consists of a solid solution of metal B 
in metal A. Next occurs a two-phase region in which 
mixtures of « and @ phases are stable, and finally on 


the right or B-rich side, is the § phase, a solid solution 
of metal A in metal B. 

The circled numbers on the diagram indicate alloy 
samples which have been prepared. It is assumed that 
they have been brought to equilibrium at room tem- 
perature by slow cooling. Each sample is examined 
by x-rays and the diffraction patterns are shown 
schematically at the bottom of the figure. From these 
patterns are obtained lattice parameters for the « 
and/or @ phases present. These are shown below the 
phase diagram. Since atom B is assumed to be larger 
than atom A, the parameters in the single phase re- 
gions increase with increasing percentage of B. Within 
the a + @ two-phase region the lattice parameters are 
constant. 

The following information is obtained from the dif- 
fraction pattern : 


1. The pattern of face-centered cubic metal A. 

2. The pattern of « (a pattern modified by the ad- 

dition of B in solid solution). It will be observed 

that the same lines are present, but they have 
shifted by an amount determined by the change 
in lattice parameter. ; 

Superimposed patterns of « and 6. 

4. Same as pattern 3, except for a change in the 
relative intensities of the two patterns, which is 
not indicated on the drawing. 

5. The pattern of @ alone, shifted from that of pure 
B by the presence of A in solid solution. 

6. The pattern of pure body-centered metal B. 


~ 


These patterns clearly indicate what phase is pres- 
ent at a particular place on the phase diagram deter- 
mined by the composition of the sample. In addition 
they provide the values of lattice parameter from 
which the locations of the phase boundaries are ob- 
tained. Since lattice parameters show a variation with 
composition in single-phase regions but are constant 
in two-phase areas, the boundary between these two 
regions can be located by the abrupt change in slope 
of the parameter curve. In practice a parameter ver- 
sus composition curve is plotted from data obtained 
in the single-phase region. Then a single two-phase 
sample suffices to fix the value of the parameter at 
the boundary, and its composition is obtained from 
the curve. 


Summary 


- 


The examples discussed above represent only a 
small part of the contribution of x-ray analysis to 
metallurgy. New types of instruments and refine- 
ments of existing ones appear in the scientific litera- 
ture constantly. It is evident that x-ray diffraction 
now has an established position as an experimental 
technique available to metallurgists. 
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iF MATERIALS research one of the most important 
pieces of information one can obtain is the identity of 
the phase or phases present in a system. As an illus- 
tration, one would not be satisfied in knowing merely 
that zinc, cadmium and sulphur are present in certain 
proportions in a TV phosphor. X-ray diffraction 
would yield much more detailed data on the state in 
which these elements exist together in the particular 
sample. It might indicate, for instance, whether the 
zinc and cadmium oceur as sulphides; whether the 
sulphides are in their room-temperature or high-tem- 
perature crystalline modification; and whether the 
sulphides exist independently or are in a homogeneous 
solid solution state. X-ray diffraction information 
helps in obtaining a complete picture of the phase 
relationships occurring in the particular sample. 

Using processing conditions of proper time and 
temperature it is often possible to obtain a desired 
phase relationship in a particular material. Ordi- 
narily, in order to arrive at the correct time and proc- 
essing temperature, it would require the preparation 
of many samples under varied conditions and x-ray 
analysis of each sample at room temperature. It 
would, however, be possible to obtain the information 
from a single operation if the sample could be con- 
tinuously analysed by x-ray diffraction while being 
treated at elevated temperatures. Thus, the need is 
seen for an arrangement whereby a specimen could be 
heated while in the x-ray diffraction instruments. 
Such an arrangement would give rise to what is known 
as a high temperature x-ray diffraction camera. 

The camera could be built for either the geiger 
counter diffractometer operation or the photographic 
film-type Debye-Scherrer camera. The Deybe-Scher- 
rer camera utilizes a small wire-shaped specimen 
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| HIGH TEMPERATURE _ 
X-RAY DIFFRACTION CAMERA 




































The incident 


situated along the axis of a cylinder. 
parallel x-ray beam enters the cylinder through a pin 


hole and irradiates the sample. The resulting dif- 
fraction spectrum is recorded on a strip of photo- 
graphic film placed around the inside wall of the 
cylinder. In the diffractometer type of operation, on 
the other hand, the sample in the form of a flat surface 
is irradiated by a divergent x-ray beam and the orien- 
tation of the specimen surface to the beam is varied 
through a range of angles. The intensity of diffracted 
beam for any angle as measured by a geiger counter is 
indicated on a strip chart recorder. There are a 
number of inherent characteristics in the diffractome- 
ter which make it better suited for high temperature 
experiments. A few of these are described below. 

In a high temperature x-ray camera it should be 
possible to analyze a sample continuously as the tem- 
perature is raised. Often it is necessary to hold the 
sample at a certain temperature while the analyses 
are made at different time intervals. The diffractome- 
ter arrangement permits this quite easily, whereas it 
would be extremely difficult with the Debye-Scherrer 
camera. Also, the film-type operation is performed by 
irradiating a minute volume of the sample, whereas 
the diffractometer geometry requires a comparatively 
large surface area. In either case, it is imperative that 
large numbers of small crystals in random orientation 
be placed in the path of the x-ray beam. At lower 
temperatures this is no problem for either. At ele- 
vated temperatures, however, the large number of 
small crystals is usually replaced by a small number 
of large ones. Under these circumstances the film-type 
geometry becomes quite useless, while the diffrac- 
tometer camera is not too seriously impaired. Another 
difficult problem is the material from which the sample 
container is constructed. Obviously, the sample con- 
tainer should be made of material which is highly 
refractory and is at the same time non-reactive to the 
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sample at the highest possible temperature of opera- 
tion. A number of materials can be found to fulfill 
those requirements. In the film-type operation, how- 
ever, the container must also possess the property of 
high x-ray transparency. This additional condition 
makes the problem almost insurmountable. Taken all 
together, these considerations made us decide to build 
the pres ut camera for the Geiger counter diffractome- 
ter operation. 

Such cameras have been built by other workers in 
the field, but most of the designs achieved maximum 
sample temperatures in the vicinity of 1400°C. This 
was considered rather low for most of the investiga- 
tions we would want to conduct in the Microwave and 
Power Tube Division. Our primary interests lie in 
cathodes, many of which are processed at temperatures 
exceeding 2000°C and a good many of which are op- 
erated in microwave tubes at temperatures reaching 
as high as 1600°C. An x-ray camera in which the 
sample could be raised to a temperature of 2000°C by 
indirect heating and held for long periods of time 
appeared to be the goal to reach, in order to be able 
to investigate the reactions occurring in these systems. 

The primary requirements for such a camera would 
be: (1) a heating element around the specimen, cap- 
able of bringing the sample to the desired temperature 
and with an opening in the heater shell for the x-ray 
beam to enter, strike the sample at a correct angle, 
be diffracted and leave through another opening on 
the opposite side; (2) a heater with adequate heat 
shields enclosed in a water cooled shell capable of at- 
taining thermal insulation vacuum; and (3) thin 
beryllium windows (practically transparent to x-rays) 
in the outer shell for the entrance and exit of the 
beam. There would also be a number of other require- 
ments, such as a rotary vacuum seal between the 

















camera and the pump manifold, so that the specimen 
could be rotated around a horizontal axis during the 
scanning; a height and tilt adjustment for proper 
alignment of the specimen with the beam; a viewing 
window for specimen temperature measurement ; 
water cooled electrical leads, ete. 

The most significant achievement in the actual 
building of the camera was the construction of the 
heater shown in Figure 1. It would have been ex- 
tremely difficult, if not impossible, to build this heater 
without the knowledge and experience gained in this 
laboratory through many years of work with refrac- 
tory materials and high temperature technology. A 
hollow cylinder of tungsten was first formed by the 
powder metallurgical method and sintered at 2450°C 
to obtain a high density. The pores in the cylinder 
wall were then infiltrated with copper at about 
1400°C. This rendered the tungsten easily machin- 
able. After the machining, the copper was removed 
by evaporation at 1875°C in vacuum. A preformed 
heating element made from an 18 in. long piece of 
0.060 in. dia. tungsten wire was secured to the inside 
wall of the shell by means of thoria insulators and 
tungsten pins. The insulators and the pins were locked 
in position with tantalum wire rings. 

Thoria was found to be the most suitable insulating 
material. The insulators themselves were prepared in 
the laboratory in the following manner. The starting 
material was very fine thoria powder. Cylindrical 
slugs were formed from the dry powder using com- 
pacting pressures of 12 tons per square inch. These 
were then machined to calculated dimensions to obtain 
the final required dimensions after firing for mechani- 





























Figure 2 


eal strength. The firing was done in a ceramic kiln at 
approximately 1800°C in a 48-hour cycle which in- 
cluded the heating, cooling, and holding-at-tempera- 
ture periods. The present heater in the camera has 
given us about a year’s service and as yet neither the 
heating element nor the insulators show any signs of 
failure. During this time the camera has averaged at 
least one run a week, many of which reached the peak 
specimen temperature of approximately 2000°C. The 
heating element temperature is about 400°C higher. 

The two rectangular. slots in the sides of the heater 
shell provide the passage for the x-ray beam, and also 
serve as the seat for the specimen holders shown in 
Figure 2. The matching shoulders at the base of the 
slots and on the ends of the specimen holder prevent 
displacement of the specimen during operation. Both 
the sample holders shown in Figure 2 were made of 
tungsten, using the same fabrication techniques as in 
the case of the heater shell. One of them has a rec- 
tangular recess for the direct placement of the speci- 
men; the other is provided with a deeper pocket, 
circular in shape. A thoria cup fits into this pocket 
and carries the sample. (If necessary, liners made of 
various materials can be placed as barriers between 
the sample and the container to prevent contamina- 
tion.) The sample is practically always in a powder 
form. A sufficient amount of powder is placed in the 
recess and pressed flat to obtain the plane surface re- 
quired for the diffraction geometry. 

Figure 3 is a schematic diagram of the camera. Fig- 
ure 4 shows the camera mounted on the Norelco dif- 
fractometer, with the pumping system and the power 
supplies attached. A large portion of the vacuum seals 
have been accomplished with O-rings, including the 
rotary seal to the pumping system. Some of the per- 
manent seals were made by brazed joints. The vacuum 
obtained in the cold system is of the order of 10-7 mm 
of Hg; we have been able to maintain it in the 10-6 
scale at the highest operating temperatures. 

Two 0.010 in. thick beryllium strips (sealed by 
means of O-rings) serve as the x-ray transparent win- 
dows. The intensity loss in transit is about 10 per 
cent. Brazing to the copper window frames was 
tried but it was found practically impossible to obtain 
a vacuum-tight joint. Since the camera was com- 
pleted, we have been able to develop and perfect a 
method of joining beryllium to copper by a solid-state 
diffusion bonding technique. In some of our recent 
x-ray devices we have used this procedure very suc- 
cessfully. 

After a few trial runs, it was found that sufficiently 
reliable measurements of brightness temperature could 
not be obtained because of evaporation films accumu- 
lating on the surface of the viewing window. The 
movable shutter in front of the window was not a com- 
plete solution to this problem, especially at extremely 
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Figure 3 


high temperatures. The camera temperature was, 
therefore, calibrated against power input, using a 
tungsten specimen with a narrow and deep hole. The 
temperature measurements were made with an optical 
pyrometer by sighting at the bottom of the hole, simu- 
lating the black body condition and giving true tem- 
perature rather than brightness temperature readings. 
An occasional check is made of the calibration chart 
to observe any deviation with age. A specimen tem- 
perature of 2000°C is obtained at a power input of 
slightly less than 2 KVA. 

The full angular range of a diffraction spectrum is 
from 0°-180°. The range covered by the present cam- 
era is from 10° on the low end to 100° on the high. 
The closer the spectrum is to the 180° limit, the greater 
the precision in measurement. By limiting this maxi- 
mum angle to a rather low value of 100°, it was pos- 
sible to place radiation shields above the specimen. 
This undoubtedly resulted in higher specimen tem- 
perature than would be obtainable otherwise. The 
consequent lack of high precision in cell dimension 
measurements has not proved to be a handicap in 
following the course of reactions or transformations 
in the systems under study. 

A number of high temperature reactions have been 
investigated during the past year, and some of the 
information obtained has been very useful. An in- 
teresting example is cited. Thorium carbide (ThC) is 
a constituent of some high temperature cathodes. Al- 
though thorium and carbon react readily to form the 
compound, ThC reacts quickly with the moisture pres- 
ent in the atmosphere to form thoria(ThOz). How- 
ever, it was noticed that if thorium carbide were 
formed from the reduction of thoria by less than the 
stoichiometrically needed amount of carbon, the re- 
sultant thorium carbide was extremely stable. It was 
interesting to speculate that thoria might be going in 
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solid solution in the carbide lattice, imparting the 
stability. The high temperature x-ray camera pro- 
vided the evidence. To a stoichiometric mixture of 
thorium and carbon, different amounts of powdered 
thoria were added. High temperature runs were made, 
examining the sample continuously as the temperature 
was raised. At around 900°C the thorium and carbon 
combined completely to form thorium carbide. From 
900°C to about 1500°C the patterns were those of a 
mixture of thoria and the carbide. From 1500°C on 
the intensity of thoria lines began to diminish until at 
1700°C they completely disappeared, leaving only the 
carbide lines. This proved conclusively that thoria 
does go into solid solution in the carbide. The thoria 
lines did not reappear on cooling. The maximum con- 
centration of.thoria used was 15 per cent. (The in- 
vestigations were not carried on to higher percentages 
of thoria to determine the limits of solubility or if 
there would be a reprecipitation phenomenon. Metal- 
lographic examination of the system in our laboratory 
has revealed that thoria does precipitate out from a 
supersaturated solid solution. ) 

The high-temperature x-ray diffraction camera has 
proved to be a useful research tool. It should continue 
to give information of value in the search for better 
materials and better processing techniques for micro- 
wave tubes. 









Ar LEAST one popular book on nuclear rockets 
refers to ion propulsion as exotic. From the point of 
view of the chemical propulsion engineer, this is quite 
correct, for exotic means coming from a foreign land. 
Unfortunately, we too often associate the exotic with 
the rare, the imported, and the expensive. As will be 
shown in the following discussion, the main advantage 
of ion propulsion is that it is far less costly than 
chemical propulsion for interplanetary travel. 


The Fundamental Equation of 
Rocket Propulsion 


The rocket propulsion article that appeared in the 
January-February 1959 issue of ELectronic Proe- 
RESS pointed out that: ‘‘The greater the value of the 
jet velocity, the more advantageous will be the ratio 
between payload and the amount of fuel necessary for 
the rocket to reach a given velocity.’’ The exact rela- 
tion was given in the fundamental equation of rocket 
propulsion : 


V-Vo =Clog 4? (1) 


where V is the vehicle velocity, M is the vehicle mass, 
C is the magnitude of the exhaust velocity, the sub- 





script zero indicates initial conditions, and the quan- 
tities without subscripts are the values at any given 
time. 

Figure 1 is a plot of the functional relationship be- 
tween the exhaust velocity C and the mass ratio My /M 
for the vehicle velocity V,. for escape from the earth’s 
gravitational field. For reference, the values of C 
corresponding to specific impulses between 200 and 
400 seconds have been shaded in. Also indicated is the 
maximum value of the mass ratio My/M that may be 
obtained in a single stage. This limit is set by the 
ratio of the mass of fuel and structure to the mass of 
the structure alone. For practical designs, the limit- 
ing value of this ratio ranges around five or six. A 
glance at the graph shows that escape from the earth 
is not possible with a single stage using conventional 
fuels. While multi-staging offers a solution, it does 
so at considerable expense in initial launching mass. 

For example, suppose that a fuel with a specific 
impulse of 360 seconds is available. It will be neces- 
sary then to have an effective over-all mass ratio of 
27, which may be obtained by three stages each having 
a mass ratio of three. If the initial mass of the next 
stage is equal to half the burn out mass of the preced- 
ing stage the ratio of the initial mass to payload mass 
for each stage is six and the actual over-all ratio for 
the three stages is 6° or 216. The use of a cheaper, 
lower-specific-impulse fuel in an attempt to cut costs 
might result in an initial mass to payload ratio in ex- 
cess of 10°. On the other hand, the use of one stage of 
ion propulsion (with a very high value of exhaust 
velocity) in place of the last two or three stages of 
chemical propulsion will in general reduce the initial 
mass by an order of magnitude or more. 
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In conventional chemical propellants, increases in 
exhaust velocity come as a result of increased heats of 
combustion. Ini nuclear rockets the increase in exhaust 
velocity comes as a result of increased heat exchanger 
temperatures. It is often said that such a fundamental 
quantity as the strength of the molecular bond limits 
the attainable exhaust velocity or specific impulse. 
That this is true is obvious from the fact that both 
the heat of combustion and the strength of containing 
materials are directly related to molecular binding en- 
ergy. ‘‘Super’’ materials may be found and clever 
ways devised to shield the exhaust nozzles from the 
high temperatures, but it would be rash to predict that 
the exhaust velocity will be more than doubled by 
conventional methods of approach. 


~ The Basic Equations of Ion Propulsion 


Since we have no intuitive notions about the mag- 
nitudes of the parameters involved in ion propulsion, 
it will be instructive to derive some of the more gen- 
eral relations and to display the results over a wide 
range of possible values. To reduce the number of 
variables to a practical level, the thrust will be held 
constant at one newton. 

From a general statement of Newton’s Law, we have : 


= SUV) oy Vy 


* dt dt dt 


In the case of ion propulsion, this reduces to: 


i a ae ee 

ities %s or F=C dt (2) 
where F is the thrust produced by expulsion of mass 
at a flow rate dM/dt and with a velocity C relative to 
the ship. 
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From a consideration of the energy relations: 





mvV2 mC? 
or 


2 2 








eK = 


The velocity C of a singly-charged particle (of mass 
m and initially at rest) which has fallen through a 
potential difference E is given as: 


pe (3 - a 


(See Figure 2.) The mass flow rate may be analyzed 
as: 





dM _,, a2 _m wo) 
a Cee. Oe 

where n, the number of particles, is equal to the total 

charge Q divided by the charge on a single particle. 

Thus, the mass flow is related to the current I by: 


=—lI , (4) 


Substituting Equations (3) and (4) in Equation (2) 
yields : 








The following symbols will be used in the derivation 





of general relations. Units will be mks unless other- 
wise stated. 














exhaust velocity in meters per second 
gun diameter in meters 

electrical potential in volts 

charge of an electron in coulombs 
thrust or force in newtons 
acceleration due to gravity (earth’s surface) 
current in amperes 

current density in amperes per meter squared 
total mass in kilograms 

mass of an individual ion in kilograms 
power in watts 

electrical charge in coulombs 

velocity in meters per second 

time in seconds 

distance of separation in meters 


MT SOUR RMR yo RDO 





2mE 1/2 
F=I aS ) : (5) 
Solving in terms of current gives: 
1/2 
e 
r=? (som) 6) 


(See Figure 3 ) which, when substituted in Equation 
(4) yields: 


dM _ m \1/2 
Sc =F (sax) ‘ {7) 


(See Figure 4.) The required power P is given by: 








e \i/2 
> — =_ 
F = EI= EF (5°) 


P=F 2)" (8) 


(See Figure 5.) It is obvious from Equations (7) and 
(8) that for a given value of thrust F, mass flow and 
power are reciprocally related : 


dM F2 1 
=" 3 (+) : (9) 





Hence, it is always possible to reduce mass flow rates 
by increasing the power. 
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From Child’s Law, the current density i for a gun 
with voltage E, across plane surfaces separated by a 
distance X, is given by: 


1/2 3/2 
i = 5.6.x 10-12 (-£.) a (10) 


The current I is obtained by multiplying by the area. 


For a gun of circular cross-section, the area will be 
expressed in terms of the diameter D. 


1/2 9 
B3/2 
:. D2 . (IT) 


ie -12 {© fa. aie 

I=44xX10 (= X2 

Thus, combining Equations (5) and (11), we have: 
> = 622x102 (£) v2 12 
F = 6.22 x 10-1? ( . (12) 


Solving for the diameter D yields: 


_ 4.01 X 105 (F) 1/2 
E oe. 
7 


D 








(See Figure 6.) 


It should be noted that the gun diameter is inde- 
pendent of the charge-to-mass ratio of the particle. 
Hence, the gun size is the same whether one uses elec- 
trons or iron filings for the charged particles. 

In practical gun design, the values of field strength 
or potential gradient, E/X, that may be used will vary 
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CURRENT IN AMPERES AS A FUNCTION OF VOLTAGE & 
IONIC MASS IN ATOMIC WEIGHT UNITS FOR A THRUST 
OF ONE NEWTON 





AMPERES 


somewhat with gun area and the type of particle. For 
example, higher potential gradients may be possible 
for a hydrogen plasmatron gun than for a cesium gun, 
or vice versa. For very small guns, beam spreading 
or debunching might be a factor at low potential gra- 
dients. 


The Ion Propulsion System 


An ion propulsion system consists of three major 
elements: an energy source, an energy conversion 
device, and a thrust producing device. 

In general, the energy source is either a nuclear 
reactor or a solar collector of some sort. The long 
operating time together with high power consumption 
result in such high total energy requirements that no 
other sources can be considered. Solar power is attrac- 
tive for the smaller ships, since it requires no heavy 
radiation shielding. At the radial distance from the 
sun corresponding to the earth’s orbit, the total solar 
radiation is about 1.4 kilowatts per meter?, while 
at Mars and Venus the intensities are 0.7 and 2.6 
kilowatts/meter? respectively. The use of a large alu- 
minized plastic reflector held in shape by a light 
umbrella-like frame will allow the collection and con- 
centration.of solar energy at the expense of a frac- 
tion of a pound/kilowatt. As the size of the reflector 
is increased, however, it becomes more and more diffi- 
cult to keep an appreciable portion of the intercepted 
energy focused upon the boiler. When several mega- 
watts or more are required, nuclear reactors begin to 
look more attractive, despite their heavy shielding 
weight and ground handling problems. Nuclear re- 
actors having a specific weight of the order of 1 
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pound/kilowatt are discussed in the literature. No 
estimate will be made here of how much their specific 
weight may be improved, or what the minimum reactor 
size might be, since this is covered in the classified 
literature. Obviously, nuclear reactors have an ad- 
vantage for trips to the outer planets where the solar 
intensity, reduced by the inverse square law, becomes 
quite small. Nuclear reactors are also indicated when 
large amounts of power are required continuously for 
earth satellites. 

Energy conversion devices may be divided into two 
classes: those which convert heat or radiation directly 
to electricity, and those which use the heat to drive 
some sort of working fluid through a turbine or piston 
engine which in turn drives an electro-magnetic or an 
electro-static generator. Among the direct conversion 
devices, the silicon solar cell has reached the highest 
state of development, with an efficiency of about 10 
per cent. The specific weight, however, is of the order 
of 20 pounds/kilowatt (not including the supporting 
structure). A photo-emissive cell made up in the form 
of a plastic sandwich and operating in the ambient 
vacuum would be at least an order of magnitude 
lighter than the silicon cell and perhaps much less 
expensive to construct in large sheets. Unfortunately, 
the efficiency is quite low, about 0.1 per cent at the 
present state of the art. 

Thermionic diodes have been developed that pro- 
duce a current by virtue of electron emission from a 
hot cathode and the collection of the electrons on a 
cooler electrode held at a potential slightly negative 
with respect to the cathode. The existence of a space 











charge near the cathode tends to limit the current 
flow. Typical attempts at reducing space charge effects 
inelude the use of extremely close spacing between 
the cathode and the collector (0.0005 inches), and the 
use of cesium vapor which forms positive ions on con- 
tact with the hot cathode and tends to neutralize the 
space charge. While an efficiency of 13 per cent has 
been obtained in the laboratory, it seems unlikely that 
it would be possible to work between such favorable 
temperature ranges in space without unduly heavy 
radiators. Thermocouple devices appear to offer no 
advantages over thermionic diodes. 

The first large space ship may use conventional 
boiler-turbine-generator power plants with either 
nuclear or solar heat sources. In the larger sizes, tur- 


bines become quite efficient and have a low specific 


weight. In contrast, the stirling cycle engine (employ- 
ing a transport piston to move a gas from a hot 
chamber to a cold chamber and back, while a separate 
work piston extracts energy from the gas) has the 
advantage that it may be made much more efficient 
than the smaller sized turbines. One of the major 
difficulties in reducing the engine weight is to get 
rapid enough heat flow to the working fluid. 

While rather conventional electro-magnetic genera- 
tors may used, the high voltages required make it 
necessary to provide heavy insulation, which aggra- 
vates the heat removal problem already severe under 
space conditions. High energy radiation in space 
might also find this insulation vulnerable. Magnetic 
materials must be kept below their Curie temperatures 
and this may be possible only if one is willing to ac- 
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TABLE I 
Ion Propellants 
Mass Ionization Melting Point 
Propellant (AWU) Potential (°K) 
H 1 15.9 14 
He 4 24.6 2 
N 14 16.7 62 
Na 23 5.12 370 
A 40 15.4 85 
Br 80 11.8 264 
Cs 133 3.86 299 
Hg 201 10.4 234 
SF, 146 —. —— 
UCh 380 —- a 
UBr, 558 a a 
Ul, 746 —— — 











cept windage losses from a heat transfer gas. Such 
losses would be more serious because of the high 
rotative speeds used to reduce the specific weight. 

Electrostatic generators appear to be free of most 
of these disadvantages. Up until recently electrostatic 
generators have been used for very high voltages and 
very small currents. 

A plot of over-all power plant weight versus electri- 
eal output for various devices is shown in Figure 7. 
The values used here have been abstracted from the 
literature under a consistent set of assumptions. How- 
ever, various sources often differ by an order of mag- 
nitude in their estimates of specific weight. 

The ion gun consists of a chamber in which the pro- 
pellant is vaporized, an interaction space in which the 
vapor is ionized, an ion accelerating electrode, and a 
source of electrons for neutralizing the ion beam. A 
list of some of the more frequently considered pro- 
pellants is shown in Table I. For storage purposes, 
the propellant preferably should be a liquid at a 
temperature easily achievable in space flight (perhaps 
300°K), but just above this temperature the liquid 
should evaporate freely. The vapor should then ionize 
upon surface contact with a moderately low tempera- 
ture grid: There should be no erosion or other reaction 
with the grid. The ions should be capable of very 
high acceleration without further change. In addi- 
tion, it would be nice if the propellant had a very high 
atomic weight, since this would permit the use of higher 
voltages and thus wider electrode spacings for the 
same potential gradient. No propellant material comes 
very close to this ideal in all respects. 

There seem to be in all about four practical ways 
of producing ions for propulsion. (See Figure 8.) 
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The first, as already mentioned, is ionization by con- 
tact. When a molecule of cesium vapor strikes a hot 
platinum or tungsten grid there is a high probability 
that it will rebound as a positive ion, having given up 
an electron to the grid. A factor which makes cesium 
particularly easy to ionize is its low work function or 
its large ‘‘diameter.’’ Hexce, with cesium vapor it is 
only necessary to make the grid into an optical baffle 
with dimensions small compared to the mean-free path 
to assure a high probability of ionization. The require- 
ment that the mean-free path be long compared to the 
grid dimension limits the maximum allowable pressure 
in the ionization chamber. Cesium at a price of four 
dollars per gram does not seem worthy of serious con- 
sideration. Although there are other materials which 
ionize by surface contact, they likewise suffer from 
some practical limitation. 

A second method of ionization is by collision with 
electrons. The extremely small cross section of an 
electron makes it difficult to achieve a high degree of 
ionization by this method. Several clever ways of 
increasing the effective cross section, or more exactly 
the effective path length, have been devised. One way 
uses a retarding field configuration that causes the 
electrons to oscillate back and forth several times, as 
in a reflex klystron. The major fault of this device 
is that the ions produced by such collisions may be 
formed at almost any potential level within the gun. 
Therefore, a wide range of ion velocities results, with 
poor utilization of the propellant mass. A second way 
uses the duo-plasmatron gun of von Ardenne. In this 
gun a low voltage, low pressure are discharge takes 
place between the cathode and a hollow anode. The 
aperture in the anode is surrounded by a magnetic 
field that concentrates the discharge. More than 90 
per cent of the neutral particles will become ionized 
as they leak through the aperture. The ions are in an 
essentially neutral plasma until they emerge from the 


anode ; hence, very high current densities are possible. ~ 


The ion-accelerating electrode forces electrons back 
toward the anode and space charge conditions obtain 
beyond the anode. Devices of this type have ionized 
hydrogen, nitrogen and argon with high efficiency. 
Such gases as uranium tetrachloride might be used in 
advanced types.Some of the problems in the plasma- 
tron gun involve cathode life, providing an adequate 
magnetic field, and cooling the aperture and magnet 
structure. 

Another technique for producing ions which in- 
volves collision processes is heating the gas. However, 
the number of electron volts required to ionize the 
gas is equivalent to a far higher temperature than it 


is desirable to contain. For example, the energy repre- 
sented by KT when T is 12,000°K is only about 1 
electron volt. It should be remembered that in any 
statistical collision process a few ions will be produced 
at far lower temperatures; however, the quantity 
would be insufficient for ion propulsion. Some ex- 
perimental work is under way using rf heating of the 
gas in an attempt to keep the wall temperature within 
reasonable limits. 

One very novel ion source consists of a hot disso- 
ciated salt (such as sodium nitrate) in a porous con- 
tainer through which the ions may diffuse under the 
influence of a strong field. Although some experi- 
mental work has been done, it seems unlikely that an 
adequate rate of diffusion can be obtained for propul- 
sion purposes. 

Obviously, the accelerating electrode must be de- 
signed for a minimum of beam interception since 
sputtering by high energy ions may remove several 
atoms for every incident ion. 

It has been suggested that it might be desirable to 
accelerate electrons to about the same velocity as the 
ions in order to achieve maximum neutralization of the 
space charge in the ion beam. This seems quite im- 
practical when one considers that it takes only 0.04 
volts to accelerate an electron to the velocity of a 
10,000 volt cesium ion. It would seem entirely impos- 
sible, according to Figure 6, to achieve a reasonable 
gun area with less than 10° volts/meter. Such a gra- 
dient is difficult to obtain with voltages under 100 volts 
when practical electrode spacings are considered. 
Clearly, the electrons must be accelerated to velocities 
which are much higher than the ion velocities, but this 
need not take more than a few per cent of the total 
energy. 

In summary, ion propulsion offers a solution to the 
problem of attaining high exhaust velocities. It is 
inherently a highly efficient method, for to a first or- 
der approximation the ion beam accelerating process 
is reversible. Because of the large power plant weight, 
ion propulsion will probably never produce enough 
thrust to overcome gravitational forces near the sur- 
face of even a small planet. For example, a solar 
powered space vehicle that has escaped from th: 
earth’s gravitational field and is operating at the 
earth’s orbital radius from the sun, will be subject to 
the following accelerations: 5 X 10-4g due to solar 
gravitation, 0.5 X 10-4g¢ due to solar pressure. The 
maximum acceleration obtainable from ion propulsion 
ranges from 1 to 2 X 10g. Hence, the types of trans- 
fer trajectories are considerably limited and precision 
in navigation becomes a matter of extreme importance. 
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‘ie technique of analyzing matter according to the 
mass of the constituent elements and molecules is 
called mass spectrometry. This technique has become 
quite a useful tool both in fundamental studies in 
physics and as a means of rapid chemical analysis for 
the chemists. It has enabled nuclear physicists to ob- 
tain much of the basic information on precise nuclear 
masses and, although not the only way of separating 
isotopes, is one of the most convenient and rapid 
methods now available. Mass spectrometry has become 
a standard technique for gas analysis in every well- 
equipped chemical laboratory in the world. It has 
provided a great deal of information on the products 


” of chemical reactions, which otherwise could only have 
»4 been obtained by very laborious means or not at all. 


- 







One very practical application, as a leak detector in 
vacuum technology, was described in a recent article 
in Exectronic Progress. The basic design of this 
versatile tool will be discussed here, along with some 
of its applications. 


Principle of Operation 


The instrument used in mass analysis is the mass 
spectrometer or mass spectrograph. Strictly speaking, 


SEPTEMBER-OCTOBER 1959 


Mass Spectro 






n etry 


es 


re 


—. sta ? 
the latter class of instrument produces only photo- 


graphic records, but the two are otherwise indistin- 
guishable. 

The principle of operation of the most commonly 
used mass analyzer may be understood by considering 
the motion of charged- particles in electric and mag- 
netic fields. Let us assume that a charged particle 
(ion) of charge e and mass M has been accelerated 
through a potential V. Its energy will be eV, and 
this, being all kinetic, may be equated to Mv?/2, where 
v is the velocity. If the moving particle is now intro- 
duced into a steady uniform magnetic field H which 
is oriented perpendicular to the plane of motion of 
the particle, it will move in a circular path. The ra- 
dius of curvature of this motion, ry, is determined by 
the relationship 


Mv? 
evH = i 
Il 





(1) 


or the balance between the electromagnetic and cen- 
trifugal forces acting on the particle. Combining the 
two equations of motion, we find that 


1 MV \1/2 
= (Gr) (2) 
Thus, for a set V and H, it may be noted that ions of a 
given M/e value may be geometrically separated from 
all others by judicious placement of an ion collector 
along the chosen radius of curvature. 

Any mass spectrometer can be divided into three 
parts: the ion source, the analyzer chamber, and the 
ion detector. The ion source, which produces the ions 
on which an analysis is carried out, may take the form 
of a gas leak leading to an ionization chamber in which 





(2) 


















a traversing electron beam performs the ionization and 
a suitably charged electrode, which draws the ions into 
the analyzing chamber. A surface ionization source, 
which includes a hot cathode covered with the sub- 
stance to be analyzed, is often used with high melting 
point samples. An are discharge source consists of an 
are discharge through the gas to be analyzed and the 
usual beam-forming electrodes. Still another method 
of introducing ions involves the production of sec- 
ondary ions obtained from the surface of the material 
to be analyzed under bombardment by electrons or 
gas ions. 

The analyzer chamber may take many forms. In 
many early instruments, a simple 180° homogeneous 
magnetic field was utilized, so that a semicircular ion 
path was obtained (Figure 1). In such an instrument 
the detector is placed in a fixed position at S, cor- 
responding to some value of radius of curvature. H is 
held constant and V is varied steadily while the cor- 
responding ion currents are measured for each value 
of V. A series of maxima resulting from a plot of ion 





eurrent versus V would indicate particles of certain © 
M/e ratios obeying Equation (2), and these could be‘ 
identified after calibration of the instrument. It is , 
interesting to note that this method gives ‘‘direction 
focusing,’’ for ions having somewhat different initia! ‘ 
directions on entering the 180° magnetic field are, 
brought to the same focus by the field. The advantage 
to be gained from direction focusing is one of increased 
sensitivity, since a greater number of ions may be , 
collected. 

If the analyzer chamber includes some ferm of ~* 
velocity filter (i.e., all ions which enter the magnetic « 
field have the same velocity), then an effective appli- 
cation may be made of Equation (1), which may be 
rewritten : . 


ruH 
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Here we see that since all particles have the same v, * 
and H is again held constant, M is directly propor-w 
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tional to ry. Referring to Figure 2, it is evident that 
the photographic plate P will exhibit lines such as M, 
and Mz whose positions on the plate will identify them 
in a relatively easy manner. For this case, the inten- 
sities of the lines can not be taken as a measure of the 
relative amounts of various species. For obvious rea- 
sons, this type of spectograph is described as ‘‘ velocity 
selection-direction focusing.”’ 

The newer ‘‘double-focusing’’ analyzers achieve 
both direction and velocity focusing by using a com- 
bination of electrostatic and magnetic fields which may 
be of various shapes. The ability to focus ions of dif- 
ferent energies can be understood if one recalls that 
the expressions for radii of curvature in both fields 
contain the accelerating potential term. By a judicious 
choice of fields, the velocity or energy dispersion in- 
troduced by a magnetic field may be compensated for 
by the electrostatic field. 

The ion detector may be a photographic film, as we 
have already seen. Ion currents may be picked up by 
a suitable electrode and measured by electrometers, 
either as a current passing through a large resistor, 
or as a charge accumulating on a condenser. For 
applications requiring great sensitivity, the electron 
multiplier, which makes use of secondary emission 
techniques, is a valuable tool for amplifying the 
minute ion currents encountered. ; 

A typical example of the commercially available 
mass spectrometers obtains mass dispersion by the use 
of a single focusing sector-type magnetic field. This 
type of mass spectrometer, without modification, is 
suitable for working with materials having a vapor 
pressure above about 0.1 mm at room temperature, 
and having a molecular weight below about 200. This 
single-stage instrument is limited to detecting im- 
purities present to about 1 part in 105. With modifi- 
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cation, the resolution may be increased to handle 
materials having molecular weights up to 600; an 
increase of several orders of magnitude may be 
achieved by modifying the detector and amplifier sys- 
tems. 

Several years ago, a time-of-flight spectrometer was 
introduced which should expand the use of mass 
analysis. In this instrument, ions are formed by a 
pulsed beam of electrons in the ion source, and ejected 
periodically into a comparatively long field-free re- 
gion. Because the ions, as a result of the accelerating 
field, reach a velocity that is a function of their mass 
to charge ratio, the original bunch of ions separates as 
it passes through the field-free region into several 
bunches, each containing ions of a specific mass to 
charge ratio. Hence, the light ions will reach the ion 
detector first, followed in succession by the heavier 
ions. The detector is an electron multiplier where ion 
signals are amplified for display on an oscilloscope. 


—=— 3x10 


The position of the ion peak on the oscilloscope trace 
which corresponds to the time-of-flight of the ions is 
used to determine the mass of the ions. In addition to 
a model for routine work, special models are available 
which are especially suited for molecular beam work 
(analysis of evaporating materials) or for very fast 
reaction studies. By the use of an ion pulse counting 
circuit, the argon-36 isotope in air (approximately 30 
parts per million) can be detected. As for resolution, 
ions differing by 1 atomic mass unit are completely 
separated up to mass 200; a 10 per cent overlap is 
present at mass 400; and 100 per cent overlap of ad- 
jacent peaks occurs at mass 600. The range of source 
pressures of samples for quantitative measurements on 
the oscilloscope is from 10-4 to 10-7 millimeters of Hg. 
Another recently developed mass spectrometer using 
somewhat different principles will now be described in 
some detail. This instrument uses a combination of the 
high frequency time-of-flight principle with a 360° 
magnetic field, and is called an omegatron. It has 
been used successfully in the Research Division during 
the past year, models of the tube having been con- 
structed by the Microwave and Power Tube Division. 
The essential parts and geometric arrangement of an 
omegatron tube are shown in Figure 3.-The top and 
bottom faces of the cube are electrically isolated from 
the sides and form the high frequency or rf electrode 
system. For a tube designed to operate with single- 
ended rf excitation only, the bottom plate is connected 
internally to the tube, shielding the ion collector lead. 


44 
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Holes in the center of the two opposite faces of the 
cube permit an ionizing beam to traverse the shielded 
volume. On the outside, opposite one of the holes, is a 
filament with a shield having an aperture which aids 
in forming the beam and minimizes emission to the 
other structures of the tube. Opposite the other hole 
is a collector for the electrons which pass through the 
eube. Up through the bottom rf plate is the ion col- 
lector, which protrudes into the shielded volume and 
is oriented in a direction parallel to the electron beam. 
The lead from the collector which carries the minute 
ion currents passes down within the grounded shield- 
ing tube. 

The operation of this tube is similar to that of a 
cyclotron. Ions formed by the electron beam are sub- 
ject to the crossed magnetic and high frequency elec- 
tric fields. For a given strength of the magnetic field 
and a set frequency, ions of a selected e/M ratio will 
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spiral until trapped by the ion collector. The selection 
of ions may be made by changing either the frequency 
of the electric field or the strength of the magnetic 
field. In the more popular method, frequency varia- 
tion is utilized. 

The omegatron, which has a volume (200-300 ml) 
smaller by a factor of 10 or more than other types of 
mass analyzers, can not only be used with conventional 


quae nO “6 


sample introduction techniques, but often may be at- 
tached directly to a system under study without 
drastically changing the volume involved. For meas- 


urement of partial pressures as low as 10-® mm Heg, * 


the resolution obtainable with the omegatron makes 
possible the separating of unit mass differences up to 
about mass 45. Accepting a decrease in resolution, 
one can have a sensitivity which will indicate com- 
ponents having partial pressures of less than 10-1° 
mm Hg. Although the mass scan frequency is slow, 
requiring fractions of an hour to cover the range 1 
to 100, this is a limitation primarily of the detecting 
and recording systems. Theoretically, the scanning 
frequency is in the order of 50 cycles per second. Sub- 
stituting a rapidly responding detecting and recording 
system for the conventional electrometer tube and pen 
recorder system, the method may be used for moni- 
toring rapid reactions. 

As mentioned earlier, the mass spectrometer is 
ideally suited to the study of vacuum systems which 
are the operating environment of electronic tubes and 
parts of processing machinery used in the electronics 
industry. The kind of information which can be ob- 
tained with this technique is exemplified by Figures 4 
and 5. These figures represent the mass analysis ob- 
tained in the Research Division with an omegatron of 
the residual gases of two vacuum systems. Figure 4, 
for an oil diffusion pump system having liquid nitro- 
gen traps, shows substantial components (probably 
long chained hydrocarbons) having masses in the 
range 70-72 and 56. In the region of mass 83-85 is a 
peak for krypton which had been added to the system. 
The isotope distribution for krypton is indicated by a 
re-sean at higher resolution, shown on the left. Figure 








5 is the sean of a mereury diffusion pump system, ~’ 


which shows no detectable components of mass greater 
than 44. This system can be considered much cleaner 
than the oil diffusion pump system if a hot element is 
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Figure 5 
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expected to operate in the vacuum. In the system 
having long chained hydrocarbons, one might expect a 
‘‘eracking’’ reaction with deposited carbon as a prod- 
uct. For. filament operation, such carbon deposits 
could lead to malfunction. 

Another interesting aspect of vacuum systems is the 
adsorption and desorption properties of different parts 
in such a system. Figure 6, which was also obtained 
with an omegatron, shows the source and sink behavior 
of a standard Bayard-Alpert ion gauge as measured 
by monitoring the mass 28 component. Similar data 
for the other gaseous components shows that the ad- 
sorption and desorption of this part of a vacuum 
system is selective. This selectivity results from dif- 
ferences in the rate and amount of the adsorption and 
desorption. Here also, a knowledge of the composition 
of the gas, rather than just total pressure, is required 
for an understanding of the reactions occurring in the 
vacuum system. A filament will be affected differently 
by not only total pressure and composition of residual 
gases in the environment, but also by the frequency of 
its own cyclic behavior. 

Attaching a mass spectrometer to electronic tubes 
during life test is a very informative experiment, since 
a knowledge of the components which appear as a 
tube becomes gassy yields clues to their source. Changes 
in operating characteristics for tubes which are not 
gassy may be understood and traced by a knowledge 
of the composition of the residual gases. 
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Figure 6 


Since the mass analysis technique is so sensitive, it 
is a convenient method for making analyses of solid 
surfaces. Using electron bombardment, gaseous mono- 
layers may be stripped off of solid surfaces for spectro- 
metric analysis. With positive ion bombardment, 
surface layers of the solid may be stripped for analy- 
sis. Since the oxide-coated filament is similar to a hot 
ion source, evaporation of components from such a 
coating can be detected quite easily with a mass spec- 
trometer. 

In the electronics industry where increasingly higher 
degrees of purity of materials and more rigidly con- 
trolled environme: ‘al conditions are required for suc- 
cessful production, r *s spectrometry may be expected 
to increase in importance. 
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on MISSILE GUIDANCE 


The guidance system in an anti-aircraft missile continuously 
senses missile-to-target geometry and translates it into 


“corrective maneuvers until interception. In most missiles 


“the sensing element is radar. 


Radar, however, is limited in that it normally cannot differentiate 
between low-altitude targets and the ground’s reflection of 

radar energy. Now a unique radar conceived by Raytheon 
scientists overcomes this problem by discriminating between 
moving and stationary objects. As applied in the Army Hawk 
and Navy Sparrow III missiles—both of which are Raytheon 
prime contracts—this radar system makes possible the 
interception of aircraft literally at tree-top height. 


Advanced missile guidance is one of the fields in which 
Raytheon scientists and engineers, typified by such men as 
Mike W. Fossier, Chief Engineer of the Bedford Laboratory, 
Missile Systems Division, are contributing to basic knowledge. 
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